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A B S T R A C T   
This study investigated concentrations of phthalates (diesters of phthalic acids) in blubber/adipose tissue of blue 
whales (Balaenoptera musculus), fin whales (Balaenoptera physalus), bowhead whales (Balaena mysticetus) and 
polar bears (Ursus maritimus) sampled in the Svalbard Archipelago (extending westward in the case of bowhead 
whales). Additionally, total concentrations (free and conjugated forms) of eight phthalate monoester metabolites 
were analysed in plasma of polar bears. Bis(2-ethylhexyl) phthalate (DEHP) was the only phthalate quantified 
among the 12 phthalates investigated. This compound was present in 6/7 fin whale samples, 4/7 blue whale 
samples, 2/5 bowhead whale samples and 1/12 polar bear samples. DEHP concentrations ranged from <20–398 
ng/g wet weight. Phthalate metabolites, mono-n-butyl phthalate and monoisobutyl phthalate, were found in low 
concentrations (<1.2 ng/mL) in some of the polar bear samples. In vitro reporter gene assays were used to assess 
transcriptional activity of fin whale peroxisome proliferator-activated receptor gamma (PPARG), glucocorticoid 
receptor (GR) and the thyroid hormone receptor beta (THRB) by DEHP and diisononyl phthalate (DiNP). Due to 
the high degree of similarity of the ligand binding domain in the THRB and PPARG among whales, polar bears 
and humans, the transactivation results also apply for these species. DEHP showed both agonistic and antago-
nistic effects towards whale THRB at considerably higher concentrations than measured in the study animals; 
DiNP was a weak agonist of whale THRB. No significant agonistic or antagonistic effects were detected for DEHP 
or DiNP for whale PPARG, whereas DEHP and DiNP decreased basal luciferase activity mediated by whale GR at 
several test concentrations. In conclusion, DEHP was detected in the blubber of marine mammals from the 
Norwegian Arctic and it appears to have potential to modulate the transcriptional activity of whale THRB, but 
current DEHP concentrations do not modulate the function of the studied nuclear receptors in adipose tissue of 
blue whales, fin whales, bowhead whales or polar bears sampled from the Norwegian Arctic.   
1. Introduction 
Phthalates (diesters of phthalic acids) are widely used as plasticizers 
to impart flexibility to plastics (Hansen et al., 2013; Wilkes et al., 2005). 
The global production of phthalates was estimated to be 5.5 million 
tonnes per year in 2018 (Holland, 2018). Bis(2-ethylhexyl) phthalate 
(DEHP) is a widely used phthalate, but due to concern over its toxicity 
and subsequent regulation (Eichler et al., 2019; Katsikantami et al., 
2016; Ventrice et al., 2013), the use and occurrence of DEHP in Europe 
and North America has decreased in recent years (ECPI, 2019; Nagorka 
and Koschorreck, 2020). DEHP, benzyl butyl phthalate (BBP), di-n-butyl 
phthalate (DnBP) and diisobutyl phthalate (DiBP) are listed under the 
European Chemical Agency’s Candidate List of substances of very high 
concern for Authorisation because it is toxic to reproduction and is an 
endocrine disruptor (https://echa.europa.eu). In the USA, several 
phthalates are currently undergoing risk evaluation for the Toxic Sub-
stances Control Act (www.epa.gov). 
DEHP has been replaced for most applications by another high mo-
lecular weight phthalate, DiNP (ExxonMobil Petroleum and Chemical B. 
V.B.A 2014), which is currently (2020) manufactured in or imported 
into the European Economic Area in large quantities (100 000–1000 000 
tonnes annually; https://echa.europa.eu). Consequently, DiNP has 
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become the dominant phthalate, sometimes along with DEHP, in par-
ticulate matter from German rivers, and effluent and sludge from waste 
water treatment plants and sediments from the Nordic countries 
(Nagorka and Koschorreck, 2020; Remberger et al., 2013). The shift 
from DEHP to DiNP is seen in human biomonitoring data from the USA 
(Reyes and Price, 2018). DEHP continues to be produced in parts of the 
world (ECPI, 2019) and is, together with other phthalates, ubiquitous in 
the environment (Gao and Wen, 2016; Net et al., 2015). 
Phthalates are present even in remote parts of the globe such as the 
Arctic. A significant deposition of phthalates from Arctic air to seawater 
indicates that atmospheric transport is an important pathway for long- 
range transport of phthalates (Xie et al., 2007). Additionally, (micro) 
plastic carried by ocean and air currents (Bergmann et al., 2019; Hals-
band and Herzke, 2019) may act as a transport vector for phthalates. 
Plastics are found all over in the Arctic including in ocean surface water 
(Lusher et al., 2015), deep sea sediment (Bergmann et al., 2017b), sea 
ice (Kanhai et al., 2020) and along shorelines (Bergmann et al., 2017a). 
Microplastics have also been found in Arctic whales and seabirds 
(Amelineau et al., 2016; Baak et al., 2020; Moore et al., 2020). Phtha-
lates can migrate (leach) from plastic into the environment or directly 
into an organism because they are not chemically bound to polymer 
matrixes (Hahladakis et al., 2018 and references therein; Paluselli et al., 
2019). Detection of phthalates in filter-feeding whales from the Medi-
terranean Sea and Sea of Cortez have been related to high concentrations 
of microplastics in their feeding areas of whales in these regions (Fossi 
et al., 2016). It is thus importance to address the current lack of 
knowledge regarding the presence of plastic additives, such as phtha-
lates, in marine mammals from the Arctic. 
The presence of phthalates in marine biota is of high concern. The 
dominant phthalates DEHP, DiNP and DiDP have high octanol-water 
and octanol-air partition coefficients (Cousins and Mackay, 2000), 
which make them prone to bioaccumulation in lipid-rich tissues and 
biomagnification in marine food webs (Kelly et al., 2007). However, 
phthalate diesters can be biotransformed to more hydrophilic monoester 
metabolites in mammals (Hart et al., 2018; Rian et al., 2020; Silva et al., 
2003). Studies on experimental animals, supported by clinical human 
studies, indicate that phthalates can impair development, reproduction, 
metabolism and cause neurological issues in addition to being carcino-
genic (Benjamin et al., 2017). Phthalates act as hormone sensitizers and 
nuclear receptors, and other transcription factors related to the endo-
crine system are expected to be key mechanisms of phthalate toxicity 
(Baken et al., 2019; Benjamin et al., 2017). These include peroxisome 
proliferator-activated receptor gamma (PPARG/NR1C3), glucocorticoid 
receptor (GR/NR3C1) and the thyroid hormone receptor beta (THRB/ 
NR1A2), which are transcription factors that regulate endocrine sys-
tems. PPARG is the “master regulator” of lipid metabolism in adipose 
tissue (Lefterova et al., 2014), whereas GR is involved in control of en-
ergy metabolism and suppression of inflammation among other func-
tions (Vegiopoulos and Herzig, 2007). Thyroid hormones that act 
through THR regulate development, growth and metabolism (Mullur 
et al., 2014). To get insights into the endocrine disruptive potential of 
contaminants in free-living marine mammals, species-specific in vitro 
methods have recently been developed to study modulation of nuclear 
receptors by environmental contaminants (Lille-Langøy et al., 2015; 
Lühmann et al., 2020; Routti et al., 2016). 
To provide information about exposure of phthalates in marine 
mammals from the Norwegian Arctic, phthalate diester concentrations 
were measured in blubber/adipose tissue of blue whales (Balaenoptera 
musculus), fin whales (Balaenoptera physalus), bowhead whales (Balaena 
mysticetus) and polar bears (Ursus maritimus) sampled from the Barents 
and Greenland seas. Additionally, plasma samples from polar bears were 
analysed for total concentrations of phthalate monoester metabolites 
including their free and glucuronated forms. Blue whales and fin whales 
used in this study are part of the Northeast Atlantic population that 
reside around Svalbard during summer, whereas bowhead whales and 
polar bears are endemic, full-time residents in the Arctic. To get insights 
about endocrine disruptive potential of phthalates in these species, in 
vitro reporter gene assays were used to assess transcriptional activity of 
PPARG, GR and THRB by DEHP and DiNP. 
2. Material & methods 
2.1. Solvents and standards 
Methanol for liquid chromatography (LiChrosolv®) and acetone, 
cyclohexane, n-hexane for gas chromatography (SupraSolv®) and for-
mic acid were sourced from Merck. Acetonitrile (LCMS grade) was 
purchased from Rathburn Chemicals Ltd (Walkerburn, Scotland). 
Deuterated (d4) DEHP purchased from Chiron AS (Trondheim, Norway), 
and d4-diethyl phthalate (DEP), d4-diisobutyl phthalate (DiBP), d4- 
dibenzyl phthalte (DBzP), d4-di-n-hexyl phthlate (DnHxP) and d4- 
dioctyl phthalate (DnOP) purchased from Accustandard Inc (CT, USA), 
were used as internal standards, whilst d4-dipropyl phthalate (DPP) 
(Accustandard Inc) was used as a recovery standard for phthalate ana-
lyses. Internal standards for phthalate metabolite analyses, d4- 
monoisobutyl phthalate (MiBP), d4-monobenzyl phthalate (MBzP) and 
d4-mono-(2-ethylhexyl) phthalate (MEHP) were acquired from TRC 
(Toronto, Canada) and d4-mono-ethyl phthalate (MEP) was sourced 
from Chiron AS. A recovery standard, d4-mono-n-octyl phthalate was 
sourced from TRC. Native phthalate standards, DEP, DiBP, DnBP, bis(4- 
methyl-2-pentyl) phthalate (DMPP), DnHxP, DEHP, dicyclohexyl 
phthalate (DCHP), DnOP, di-n-nonyl phthalate (DnNP), DiNP and DiDP 
were sourced from Accustandard As and used to create the calibration 
curve. Native phthalate metabolite standards, MEP, mono-n-butyl 
phthalate (MnBP), MBzP, MEHP, mono(2-ethyl-5-oxohexyl) phthalate 
(MEOHP) were acquired from Chiron As and MiBP and mono-(2-ethyl-5- 
hydroxyhexyl) phthalate (MEHHP) were purchased from TRC. 
2.2. Cleaning procedure 
Phthalates frequently occur in indoor environments and are readily 
found in dust and indoor air, so special precautions were taken to keep 
glassware, samples and lab equipment clean. Deionized water (18.2 MΩ) 
was prepared using a Milli-Q Advantage water purification system and 
run through an LC-Pak polisher (Merck Millipore, Bedford, MA, USA) to 
remove background contaminants. All laboratory glassware was washed 
in a Miele laboratory washing machine using purified water and Extran 
detergent (Merck Millipore) and then dried. Glassware used in the field 
and laboratory were rinsed using cyclohexane and acetone. The glass-
ware and aluminum foil used were heated in an oven at 450 ◦C for 8 h 
the day before use or prior to the field season. All glassware used in 
laboratory was also washed with acetonitrile immediately before use. 
Caps for glass vials used in the field were cleaned using an ultrasonic 
bath (10 min) and rinsed with acetone prior the field season. Biopsy 
darts for whale sampling, tweezers and scissors were washed with 
boiling water, rinsed with acetone with a glass pipette and packed 
individually in aluminium foil. 
For phthalate diester analyses, all preparation of standards and 
samples, as well as extraction and cleanup, were done in a laminar flow 
cabinet (Chemcap cabinet from Bigneat Ltd, UK) with an HEPA and 
carbon filter on both the inlet and exhaust. Ultrasonication (USC 1200 
THD, VWR International LLC) and evaporation using a Mivac Quattro 
centrifugal vacuum concentrator (Genevac Ltd, Ipswich, Suffolk, UK) 
was carried out outside the laminar flow cabinet but always for limited 
times, and samples were always covered with aluminum foil and capped 
when they were moved from place to place in order to avoid 
contamination. 
2.3. Field sampling 
Seven blue whales and six fin whales were biopsied from small boats 
using pre-cleaned custom-made biopsy darts made of stainless steel (10 
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cm long) shot from a crossbow in May to September in 2017–2018 off 
the west coast of the Svalbard Archipelago (Fig. 1). The dart was 
attached to a string secured to the crossbow that enabled recovery of the 
sample. Five bowhead whales were biopsied west of Svalbard (Fig. 1) 
during June 2017 in a similar manner, but from a helicopter (Eurocopter 
AS350 Ecureuil), using a shorter (4 cm), similarly made stainless steel 
biopsy dart that bounces off the whale and floats at the surface where it 
is recovered using a small hoop net from the aircraft. Sex of the whales 
was identified by molecular sexing (Berube and Palsboll, 1996). Adult 
polar bears were captured in Svalbard (Fig. 1) in March-April 2017. The 
bears were immobilized by remote injection of tiletamine hydrochloride 
and zolazepam hydrochloride (Zoletil Forte Vet ®; Virbac, France) from 
a helicopter (Eurocopter AS350 Ecureuil). Age estimation of polar bears 
was done from vestigial premolar tooth (Christensen-Dalsgaard et al., 
2010), except for bears captured during previous field seasons as juve-
niles that were hence of known age. Twelve adipose tissue samples were 
collected using an 8 mm sterile disposable biopsy punch (Fray Products, 
Buffalo, NY, USA or Miltex, Japan), taken approximately 15 cm lateral to 
the base of the tail. The upper layer of whale blubber, approximately 
1–5 cm from the skin, and whole polar bear biopsies, were packed in 
glass vials and aluminium foil was placed inside of a polypropylene top 
cap, with septum lined with polytetrafluoroethylene (PTFE) foam ure-
thane (National Scientific, Austin, Texas, USA). Blood samples were 
collected from the femoral vein of 13 polar bears using heparinized 
tubes. The tubes were centrifuged within 10 h and plasma was moved 
into sterile cryovials made of polypropylene. The samples were stored at 
− 20 ◦C until analyses. The sampling was approved by the National 
Animal Research Authority of Norway and the Governor of Svalbard. 
2.4. Sample preparation for phthalate diester analyses 
A frozen biopsy of 0.2 g was cut with scissors into a 15 mL centrifuge 
glass tube and mixed with 2 g of Na2SO4 (dried at 600 ◦C for 8 h) and left 
overnight at − 20 ◦C covered with aluminum foil and a PTFE lid. One 
hundred ng of d4-DEHP was added to each sample as an internal stan-
dard and let stand for 30 min. Samples were extracted by ultrasonication 
at 35 ◦C, 45 kHz for 10 min two times with 5 mL of (1:1 v/v) acetone/n- 
hexane and then transferred to another 15 mL centrifuge glass tube and 
evaporated to near dryness in a vacuum concentrator, after which 100 
µL of isooctane was added. 
Cleanup of the samples was done using solid phase extraction using a 
dual layer 105 mm × 17 mm glass cartridge with an Elufix (LCTech 
GmbH, Obertaufkirchen, Germany) and a 12 position Supelco solid- 
phase extraction (SPE) manifold (Merck KGaA, Darmstadt, Germany). 
The cartridge was packed with 1.25 g mixture of a zirconia coated silica 
and octadecyl (C18) bonded silica in the bottom and separated with a 
frit and 1.25 g activated Florisil was added on top and one more frit was 
placed on top of the material (Merck KGaA, Darmstadt, Germany). 
Subsequently, the column was washed with 10 mL of acetonitrile using 
gravity flow and then it was vacuum dried for 10 min at − 15 mmHg, 
using a portable membrane vacuum unit. The sample was added to the 
cartridge and a few drops of additional isooctane was used to rinse the 
15 mL glass tube and an additional rinsing was conducted using 0.5 mL 
of acetonitrile, both rinses were transferred to the cartridge. 
The sample was eluted using 3 × 5 mL of acetonitrile, and 13 mL of 
the eluate was collected in a 15 mL centrifuge glass. The samples were 
evaporated to 200 µL in a vacuum concentrator and transferred using a 
small amount of acetonitrile to 1.5 mL analytical glass vials with a 300 
µL glass insert and 10 ng of syringe standard (d4-dioctyl phthalate and 
d4-dipropyl phthalate) and 50 µL of 0.2% formic acid in cleaned 
deionized water were added to the sample. 
2.5. Sample preparation for phthalate metabolite analyses 
Deconjugation and extraction of phthalate monoester metabolites 
were conducted following the methods outlines in Jeong et al. (2011), 
with a few modifications. Half mL of plasma, 100 µL of 1 M ammonium 
acetate, 20 µL of internal standard mixture (d4-MEP, d4- MiBP, d4-MBzP 
Fig. 1. Sampling information of blue whales, bowhead whales, fin whales and polar bears.  
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and d4-MEHP) and 10 µL β-glucuronidase (BGTurbo > 200 000 units/ 
mL from Kurabiotech, Chile) were mixed gently in a 2 mL glass screw 
cap vial and incubated at 37 ◦C for 2 h. The mixture was diluted with 1 
mL 1% formic acid in acetonitrile and mixed with vortex, sonicated for 
10 min and centrifuged for 10 min. A 1 mL ion exchange SPE Oasis MAX 
column (Waters Inc, Milford, MA, USA) was washed with 1 mL methanol 
and conditioned using 20% methanol in cleaned and deionized Milli-Q 
water. One mL of 5% ammonium hydroxide solution and the superna-
tant was added on top of the SPE column and thoroughly mixed with a 
pasteur pipette before elution on the 12 position SPE manifold, which 
was connected to a membrane vacuum pump. The column was rinsed 
with 1 mL 5% ammonium hydroxide solution and 1 mL methanol which 
were discarded, and the analytes were eluted using 1 mL 2% formic acid 
in methanol into a 2 mL glass vial. Samples were evaporated under a 
gentle flow of N2 to 100 μL, diluted with 300 μL Milli-Q water and 
filtered with a Mini-UniPrep 0.45 μm filter. 
2.6. Analysis 
Analyses were run on a triple quadrupole mass spectrometer (TSQ 
Vantage, Thermo Fisher Scientific Inc, Waltham, MA, USA) with a Wa-
ters XBridge C18 2.1 mm × 50 mm, 5 µm particle trapping column be-
tween the pump and injector to prevent background contamination in 
the Ultra Performance Liquid Chromatography (UPLC) system. For the 
analyses of phthalates diesters, the UPLC was fitted with an Acquity 
UPLC BEH Phenyl column 1.7 μm 2.1 × 100 mm with a 5 mm guard 
column (Waters Inc), which were held at 40 ◦C in a column oven, using 
an eluent of 0.1% formic acid in water (mobile phase A) and 0.1% formic 
acid in methanol (mobile phase B) at a flow rate, starting at 0.3 mL/min 
and increasing to 0.4 mL/min at 100% B. Ionization was achieved using 
positive electrospray ionization at 5000 V, heated to 380 ◦C with ni-
trogen as a sheath gas. Multiple reaction monitoring of the M + H+ was 
achieved using Argon as the collision gas. Phthalate metabolites were 
analyzed with following modifications: the UPLC was fitted with a 
Cortecs solid core C18 column 2.7 μm 3.0 × 100 mm (Waters Inc) and 
negative ionization was achieved at 2500 V and 310 ◦C. 
2.7. Quantification and quality assurance 
Native standards were used to prepare a five point calibration curve 
from 50 to 1000 ng/mL for phthalate quantification and a seven point 
calibration curve from 1 to 500 ng/mL for phthalate metabolite quan-
tification. Three procedural blanks were processed for each batch of 
samples. Limits of detection (LODs) and quantification (LOQ) for 
phthalates (Table S1) were calculated as the average concentration of 
phthalate in the procedural blanks (consisting of 2 g Na2SO4 for 
phthalates and Milli-Q water for metabolites) plus three and ten times 
the standard deviation, respectively. Phthalate concentrations in the 
samples were thus corrected for the presence of DEHP, DiNP, DiDP and 
phthalate metabolites in the procedural blanks. Field blanks were pre-
pared consisting of 0.25 g of seal blubber sample in cleaned glass vials 
with cleaned aluminum foil and screw caps. One field blank was stored 
at − 20 ◦C in a freezer in the sample processing laboratory as a reference 
and was processed at the same time as samples and field blanks. The 
other three field blanks were open in the helicopter/boat for a few mi-
nutes. Concentrations of phthalates were similar between the reference 
samples and field blanks. Recoveries for internal phthalate standards 
(d4-DEP, d4-DiBP, d4-DBzP, d4-DnHxP and d4-DEHP) in seal blubber, 
ranged from 41 to 97%. Recoveries for internal phthalate metabolite 
standards (d4-MEP, d4-MBzP, d4-MiBP, d4-MEHP) in human and polar 
bear plasma were between 32 and 94%. Analyses of four samples of 
Standard Reference Material 1957 (Organics Contaminants in Non- 
Fortified Human Serum, supplied from NIST, Gaithersburg, MD, USA) 
showed that the analytical precision of the phthalate metabolites varied 
between 5 and 7%. 
2.8. Luciferase reporter gene assays 
The agonistic and antagonistic effects of DEHP and DiNP on the re-
ceptor plasmids encoding for fin whale ligand binding domains (LBD) of 
PPARG, GR and THRB (henceforth referred to as wPPARG, wGR and 
wTHRB) were tested by luciferase gene reporter assays as described and 
validated in Lühmann et al. (2020) and Routti et al. (2016). Briefly, cells 
from the simian cell line COS7 were transiently transfected with the 
reporter plasmid tk(MH100)x4-luciferase, control plasmid pCMV- 
β-galactosidase, and either of the receptor plasmids pCMX-Gal4- 
wPPARG, pCMX-Gal4-wGR or pCMX-Gal4-wTHRB coding for fusion 
proteins of the yeast GAL4 DNA binding domain and the LBD of the 
corresponding receptor. COS7 cells were transfected using TransIT-LTI 
transfection reagent by Mirus (Madison, Wisconsin) at a mass ratio of 
1:10:10. The control plasmid functioned as an internal standard for 
general cell viability and the efficiency of transfection. Twenty-four 
hours after transfection, the cells were exposed to test compounds for 
24 h. Luciferase and β-galactosidase activities were assayed in cell ly-
sates as changes in luminescence and absorbance, respectively. Func-
tionality of the agonistic assays were tested by exposure to known 
ligands: rosiglitazone for PPARG (Lehmann et al., 1995), dexametha-
sone for GR (Tsurufuji et al., 1979) and T3 for THRB (Gross and Pitt- 
Rivers, 1953). Exposure concentrations for agonistic effects ranged 
from 8 nM to 50 µM. Antagonistic effects of test compounds were tested 
in the presence of a known ligand and the functionality of the assay was 
established by exposure to the known PPARG antagonist GW9662, the 
known GR antagonist mifepristone (RU486) and the known THRB an-
tagonists bisphenol A (Cadepond et al., 1997; Leesnitzer et al., 2002; 
Moriyama et al., 2002; Zhang et al., 2015). For antagonistic effects, the 
tested concentration range was 40 nM to 50 µM. In each independent 
experiment, a solvent control and a positive control were included to 
confirm the functionality of the assay. At least three independent ex-
periments, with three replicates, were performed per exposure scenario. 
All chemicals were sourced from Sigma Aldrich (St. Louis, Missouri). 
2.9. Cytotoxicity 
Membrane integrity and metabolic activity of COS7 cells was 
measured following the method described in Schreer et al. (2005). The 
dye resazurin was used to test for metabolic activity and 5-carboxyfluor-
escein diacetate (CFDA-AM) was used for to determine membrane 
integrity. The positive control Triton X-100, which is known to be 
cytotoxic for mammalian cells, was used (ranging from 0.00016% to 1% 
(v/v)) for the cytotoxicity assays. A minimum of three independent 
experiments, with three replicates each, were performed per phthalate. 
2.10. Statistical analysis 
The datasets analyzed during the current study are available in the 
Norwegian Polar Data Centre repository (Routti et al., 2021). The soft-
ware R, version 4.0.2, was used for statistical analyses (R Core Team, 
2020). To describe phthalate concentrations in different species, the R 
package NADA version 1.6–1 (Lee, 2017) was used to deal with data 
below the limit detection (non-detects). For data sets with <50% of non- 
detects, median, mean and standard deviation were calculated using the 
robust Regression on Order Statistics (ROS) method, as recommended 
by Helsel (2011). If detection ranges were lower, range was presented. 
The R package EnvStats version 2.3.1 was used to create probability plots 
for censored data (Millard et al., 2018). 
For the luciferase reporter gene assays, β-galactosidase enzyme ac-
tivity, resulting from the constitutive expression of the control plasmid, 
was used to correct luciferase activity for differences in transfection 
efficiencies between wells. The fold change in luciferase activity in 
exposed cells over solvent controls was the measured response for 
agonist experiments. For antagonistic experiments, the fold change was 
presented as luciferase activity in exposed cells over luciferase activity 
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in cells exposed to the known agonist. Z values were used to detect and 
remove outliers, applying the z value of 1.96 criterion (Cousineau and 
Chartier, 2010). Linear mixed models were run using the R package lme4 
version 1.1-10 (Bates et al., 2015) to investigate whether DEHP and 
DiNP modulated the transcriptional activity of wTHRB, wPPARG and 
wGR, or the membrane integrity and metabolic activity of COS7 cells. 
The concentration was included as the fixed factor and the experiment 
number was used as the random factor to account for the variation be-
tween experiments. To verify that model assumptions (homogeneity, 
normality and independency, Zuur et al., 2010) were met, diagnostic 
plots were created, using the R package DAAG version 1.22 (Maindonald 
and Braun, 2015). 
3. Results and discussion 
3.1. Concentrations of phthalates and their metabolites 
DEHP was the only phthalate that was quantified in the marine 
mammal blubber/adipose tissue analysed (Table 1). DEHP was detected 
in 6/7 fin whale samples, 4/7 blue whale samples, 2/5 bowhead whale 
samples and in 1/12 polar bear samples (Table 1). DEHP concentrations 
varied from <12 to 398 ng/g wet weight (ww); the highest value 
occurred in a bowhead whale sample. DEHP was also the predominant 
phthalate detected in blubber from four cetacean species (n = 1–3) and 
surface planktonic samples from the Mediterranean Sea (Baini et al., 
2017). Concentrations of DEHP were much higher (ranging up to 
26,000 ng/g dry weight - corresponding to 23,000 ng/g in wet weight 
(Kvadsheim et al., 1996)), in the Mediterranean Sea samples. DEHP was 
also the most abundant phthalate detected in marine mammal liver 
samples from Greenland (Vorkamp et al., 2004), where wet weight 
concentrations were similar to those reported in this study. However, it 
should be noted that DEHP concentrations in the Greenlandic samples 
were not corrected for relatively high blank contamination (>25 ng/ 
mL). The presence of DEHP metabolites, MEOHP and MEHHP, in liver 
samples of harbour porpoises (Phocoena phocoena) from the Norwegian 
coastal waters and MEHP in urine of common bottlenose dolphins 
(Tursiops truncatus) from Sarasota Bay, USA, suggest that other cetaceans 
are also exposed to DEHP (Hart et al., 2018; Rian et al., 2020). In the 
harbour porpoises from the Norwegian Coast, MEOHP and MEHHP were 
detected in 17 and 27% of the samples (n = 100), respectively, ranging 
from <0.17 to 5.9 ng/g ww. 
Phthalate metabolites, MnBP and MiBP, were detected at low con-
centrations (≤1.2 ng/mL; all detected values > LOQ) in 1/13 and 3/13 
polar bear plasma samples, respectively (Table 2). These were also 
among the most frequently detected metabolites in the harbour por-
poises from the Norwegian Coast (Rian et al., 2020). MnBP and MiBP are 
likely metabolites of DnBP and DiBP, respectively. The low detection 
rate of phthalates and their metabolites in polar bears suggests that 
phthalates are present or accumulate to a lesser extent in the polar bear 
food web, or that polar bears excrete them rapidly. DiBP was detected in 
one fin whale sample at a concentration between the LOD and LOQ 
(7.6–18.1 ng/g ww) (Table 1). However it should be noted that the LOD 
for DiBP was as high as 7.6–17 ng/g ww and the presence of other 
phthalates should not be neglected in Arctic marine mammals because 
the LODs were in fact relatively high for the remaining phthalates 
(5.5–10 ng/g ww for BBP, DCHP, DMPP, DHxP, DnOP and DnNP, 
5.5–17 ng/g ww for DnBP; 20–37.5 ng/g ww for DEP and 75–100 ng/g 
ww for DiNP and DiDP). 
The high LODs set for phthalates, compared to LODs for e.g. legacy 
POPs, is because measured LODs include background contamination in 
blank samples. The ubiquitous presence of phthalates in the environ-
ment make it necessary to account for background values in order to 
Table 1 
Concentrations (ng/g wet weight) of phthalates in blubber of fin whales, blue whales and bowhead whales and adipose tissue of polar bears. The numbers in pa-
rentheses show the number of carbons in the straight alkyl side-chain backbones. Number of samples (n) is given for the different batches with different detection 
limits. For detected compounds mediana concentrations, range and number of samples above the limit of detection are given.  
Compound Abbr. CAS Blue whale (n = 7) Fin whale (n = 6/1) Bowhead whale (n = 5) Polar bear (n = 6/6) 
Diethyl phthalate (2) DEP 84-66-2 <37.5 <37.5/<20 <37.5 <37.5/<20 
Diisobutyl phthalate (4) DiBP 84-69-5 <17 <17/<18.1b <17 <17/<7.6 
Benzyl butyl phthalate (4, aromatic ring) BBP 85-68-7 <10 <10/<5.5 <10 <10/<5.5 
Di-n-butyl phthalate (4) DnBP 84-74-2 <17 <17/<5.5 <17 <17/<5.5 
Dicyclohexyl phthalate (aromatic ring) DCHP 84-61-7 <10 <10/<5.5 <10 <10/<5.5 
Bis(4-methyl-2-pentyl) phthalate (4) DMPP 84-63-9 <10 <10/<5.5 <10 <10/<5.5 
Di-n-hexyl phthalate (6) DnHxP 84-75-3 <10 <10/<5.5 <10 <10/<5.5 










Di-n-octyl phthalate (8) DnOP 117-84-0 <10 <10/<5.5 <10 <10/<5.5 
Diisononyl phthalate (8) DiNP 28553-12-0 <100 <100/<75 <100 <100/<75 
Di-n-nonyl phthalate (9) DnNP 84-76-4 <10 <10/<5.5 <10 <10/<5.5 
Diisodecyl phthalate (9) DiDP 26761-40-0 <100 <100/<75 <100 <100/<75  
a Median was calculated using robust Regression on Order Statistics method for species with >50% samples above the limit of detection. 
b Detected but the value is below the limit of quantification (<18.1). 
Table 2 
Concentrations (ng/g wet weight) of phthalate metabolites in plasma of 13 adult polar bears. For detected compounds concentration range and number of samples 
above the limit of detection (LOD) are given.  
Compound Abbr. CAS Concentration >LOD 
Monomethyl phthalate MMP 4376-18-5 <5.8  
Monoethyl phthalate MEP 2306-33-4 <0.8  
Mono(2-ethyl-5-oxohexyl) phthalate MEOHP 40321-98-0 <0.1  
Monoisobutyl phthalate MiBP 30833-53-5 <0.2–1.2 3/13 
Mono-n-butyl phthalate MnBP 131-70-4 <0.2–0.63 1/13 
Monobenzyl phthalate MBzB 2528-16-7 <0.1  
Mono(2-ethyl-5-hydroxyhexyl) MEHHP 40321-99-1 <0.1  
Mono(2-ethyl-1-hexyl) phthalate MEHP 4376-20-9 <0.8   
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interpret actual biotic contamination values. The blank contamination 
in this study was (for example 7.1 ng/g wet weight for DEHP) low 
compared to previously reported blank contamination values (Ikono-
mou et al., 2012). During the method development and analyses in the 
current study, a lot of effort was expended on minimizing background 
contamination by pre-cleaning all equipment, performing the extraction 
in a laminar flow cabinet where both the inlet and exhaust air was 
filtered and testing the presence of phthalates in solvents from different 
providers and standards. The samples were also taken with pre-cleaned 
equipment, and analyses of field blanks confirmed that the samples were 
not contaminated during the field sampling. 
The source of DEHPs in the marine mammals from Svalbard are 
unknown. Although North Atlantic blue whales and most fin whales 
migrate to warmer waters for the winter months, they are likely exposed 
to phthalates in the Arctic, where they do much of their annual foraging 
effort (Lydersen et al., 2020; Pérez-Jorge et al., 2020). Analyses of sea 
water and air from the Norwegian Sea through into the Arctic indicate 
that DEHP is the predominant phthalate in aqueous dissolved phase and 
atmospheric particle phase from the North Sea to the high Arctic (Xie 
et al., 2007). More recent (2018) analyses of phthalate concentrations in 
air also indicated that DEHP, along with DiBP and DEP, were the most 
abundant phthalates in air samples from the Zeppelin Observatory, Ny 
Ålesund, Svalbard (Bohlin-Nizzetto et al., 2019). Based on estimation of 
net air/sea exchange fluxes, 30 and 190 tonnes/year of DEHP are 
deposited from the air to the Greenland Sea and Arctic Ocean, respec-
tively, which suggests that atmospheric transport and deposition is a 
significant source of phthalates in the Arctic (Xie et al., 2007). Phtha-
lates deposited into seawater are taken up by plankton, but both field 
and modelling studies suggest that DEHP and other phthalates do not 
biomagnify in aquatic food webs (Kim et al., 2016a; Mackintosh et al., 
2004). Our results support this in that blue whales and fin whales that 
ingest large amounts of pelagic plankton, mainly krill (Gavrilchuk et al., 
2014), had considerably higher concentrations of phthalates than polar 
bears (Table 1) that feed on the top of the Arctic marine food web 
(Derocher et al., 2002). Furthermore, DEHP metabolites, MEHP, 
MEHHP, MEOHP, were not detected in plasma of polar bears (Table 2). 
Trophic dilution of both phthalate diesters and their corresponding 
monoester metabolites (e.g. MEHP) have been shown in aquatic food 
webs up to fish, which suggests further metabolic transformation likely 
occurs in higher trophic level species (Hu et al., 2016). 
Ingestion of plastic litter has been suggested to be a source for 
phthalate exposure in baleen whales (Baini et al., 2017; Fossi et al., 
2014; Fossi et al., 2016). However, DEHP is likely found only at mod-
erate concentrations in plastic from the upper layer of seawater, where 
the studied baleen whales feed (Croll et al., 2001; Nielsen et al., 2015). 
DEHP is mainly used in PVC (a typical concentration about 30% of 
weight (Hansen et al., 2013)), which is denser than seawater and thus 
subject to sinking in the water column (Halsband and Herzke, 2019; 
Malcolm Richard et al., 2011). Only 3–12% of microplastic particles in 
surface waters close to Svalbard and East Greenland were PVC 
(Amélineau et al., 2016; Lusher et al., 2015; Morgana et al., 2018). 
However, experimental studies have shown that phthalates can leach 
from polyethylene (PE), polypropylene (PP), and polystyrene (PS) 
(Hahladakis et al., 2018; Paluselli et al., 2019) demonstrating their use 
in other, positively buoyant, polymers (Malcolm Richard et al., 2011) 
might release them into surface waters. To what extent sorbed DEHP 
transfers from microplastic to whales is currently not known. A model-
ling exercise indicated that PVC ingestion was a negligible source of 
DEHP compared to intake from food and water in a benthic invertebrate, 
fish and seabird (Bakir et al., 2016). Indeed, a recent study did not detect 
any phthalates in the preen oil of northern fulmars (Fulmarus glacialis), 
which had ingested plastics (Provencher et al., 2020). Furthermore, 
leaching of DEHP from plastic to seawater is likely negligible due to 
DEHP’s hydrophobicity and high partitioning coefficient (Paluselli 
et al., 2019). 
DEHP concentrations ranged from <12 to 101 and 138 ng/g wet 
weight in blue whales and fin whales, respectively. Converted to lipid 
weight concentrations using previously reported lipid percentage in the 
same biopsies (Tartu et al., 2020; Routti et al., 2019), DEHP concen-
trations ranged from <20 to 237 and 394 ng/g lipid weigh in blue 
whales and fin whales, respectively. Comparison of DEHP concentra-
tions in blue and fin whales to recently reported POP concentrations in 
the same individuals (Tartu et al., 2020; Routti et al., 2019) showed that 
DEHP concentrations overlapped with the concentration ranges of 
ΣCHLs and ΣPCBs, while ΣDDT concentrations were slightly higher, 
particularly in fin whales, and ΣPBDE concentrations were lower 
(Fig. 2). The DEHP results found in this study are not surprising when 
compared to air data from the Svalbard region. In air samples from 
Svalbard, phthalates were the predominant organic contaminants, with 
approximately 100 times higher concentrations than PCB concentra-
tions (Bohlin-Nizzetto et al., 2019). 
3.2. Endocrine disruptive potential of phthalates 
Transactivation results for wTHRB, wPPARG and wGR reported 
herein are valid for several mammalian species. The LBDs of wPPARG 
and wTHRB are identical to the corresponding LBD of blue whales, killer 
whales (Orcinus orca), white whales (Delphinapterus leucas), polar bears 
and humans - apart from the last 15 amino acids that are lacking for the 
LBD of polar bear THRB. Fin whale wGR-LBD is identical to blue whales 
and killer whales and is 96.6–99.6% similar to the GR-LBD of polar 
bears, white whales and humans (Lühmann et al., 2020). 
The highest concentrations of DEHP (25 and 50 μM) increased 
wTHRB-mediated luciferase activity by 22–27%, while the same con-
centrations decreased the activity by 23–33% in the presence of T3 
(Fig. 3a). This indicates that DEHP acts as a partial agonist toward 
wTHRB with competitive antagonistic effects in the presence of a full 
agonist. A partial agonist/antagonist induces an antagonistic confor-
mational change of the receptor, but it does not preclude an unstable 
agonist conformation (Bourguet et al., 2000). Similarly, DEHP showed 
both agonistic and antagonistic effects on the TH-dependent rat 
Fig. 2. Boxplot showing concentrations (ng/g lipid weight) of DEHP (blue) in 
comparison to the most abundant persistent organic pollutants (Tartu et al., 
2020; Routti et al., 2019) in blubber from blue whales and fin whales sampled 
from Svalbard, 2014–2017. Since DEHP data was partly below the limit of 
detection, robust Regression on Order Statistics were used to estimate values 
(light blue) below the maximum limit of detection line marked in red. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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pituitary GH3 cell proliferation assay, suggesting that DEHP competes 
directly with T3 through TRs (Ghisari and Bonefeld-Jorgensen, 2009). 
DEHP also reduced luciferase activity mediated by THRB in transiently 
transfected African green monkey (Chlorocebus aethiops) kidney cells 
(Vero and CV-1) in the presence of T3, whereas agonistic effects were 
not observed (Shen et al., 2009; Sun et al., 2012). 
DiNP increased wTHRB mediated luciferase activity by 30% (50 μM), 
which indicates that DiNP is a weak agonist of wTHRB (Fig. 3a). 
Antagonistic effects were not detected. In contrast to this study, DiNP 
inhibited TH-dependent GH3 rat pituitary cell proliferation stimulated 
by T3, and it also reduced the basal GH3 growth in the absence of T3 




Fig. 3. Agonistic and antagonistic effects of known ligands, DEHP and DINP on fin whale THRB (a), PPARG (b) and GR (c) in vitro. Fold changes for agonistic effects 
are presented over solvent (s) and for agonistic effects over a known agonist. Data are derived from linear mixed-effect models, shown with 95% confidence intervals. 
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No significant agonistic or antagonistic effects by DEHP or DiNP 
were detected for wPPARG (Fig. 3b). Similarly, it has been found that 
DEHP did not show agonistic effects on human PPARG, which is iden-
tical to wPPARG (Lühmann et al., 2020), in transiently transfected COS1 
and COS7 cells (Maloney and Waxman, 1999; Watt et al., 2016). 
Furthermore, molecular docking and in vitro assays indicate that human 
PPARG do not bind DEHP (Kratochvil et al., 2019). DEHP and DiNP did 
not modulate human PPARG activity in a dose-response manner in 
stably transfected U-2 OS human osteoblast cells either (Pereira-Fer-
nandes et al., 2013). Interestingly, DiNP did increase human PPARG- 
mediated luciferase activity in transiently transfected HepG2 human 
liver carcinoma cells and molecular docking analyses showed the 
capability of DiNP to bind human PPARG at submicromolar concen-
trations (Pomatto et al., 2018). 
DEHP and DiNP decreased basal luciferase activity mediated by wGR 
at several test concentrations, whereas no decrease in activity was 
observed in the presence of the agonist dexamethasone (Fig. 3c). In 
contrast, DEHP was a weak agonist and not an antagonist of GR in stably 
expressed MDA-kb2 human breast cells (Klopčič et al., 2015; Koľsek 
et al., 2014). In silico molecular docking studies indicate that human GR 
binds DEHP but not DiNP (Sarath Josh et al., 2016). The discrepancy in 
the results between whale and human GR is likely related to sub-
stitutions in their ligand binding domain that are 96% identical (Lüh-
mann et al., 2020). 
The tested compounds (≤50 µM) did not show cytotoxicity, i.e. 
reduced membrane integrity or metabolic activity, in COS7 cells 
(Figure S1). 
3.3. Toxicological implications 
When converted to molar concentrations, DEHP was present in 
blubber biopsies at up to 1 µM concentration (one bowhead whale 
sample), whereas antagonistic and agonistic effects on wTHRB occurred 
consistently at 25 and 50 µM concentrations. This suggests that current 
DEHP concentrations do not modulate the function of the studied nu-
clear receptors in adipose tissue of blue whales, fin whales, bowhead 
whales or polar bears sampled from the Norwegian Arctic. DEHP 
exposure is more likely to modulate the function of THRB in the blubber 
of whales from southern latitudes such as the Mediterranean Sea, where 
concentrations up to 60 µM were reported (Baini et al., 2017). The re-
sults concerning the modulation of nuclear receptors by DEHP and DiNP 
are also relevant for human risk assessment, because the LBDs of 
wPPARG and wTHRB are identical to humans (Lühmann et al., 2020). 
It should be noted that the presence of lipophilic phthalates in fat 
tissue do not give a complete picture of phthalate exposure in Arctic 
marine mammals. Phthalates go through phase I and phase II meta-
bolism which render them into a more hydrophilic form that can be 
readily excreted. Metabolites of DnBP and DiBP were detected in few 
polar bear plasma samples (Table 2), and they have also been detected in 
cetacean liver (Rian et al., 2020). This suggests that phthalate metabo-
lites may be formed and retained at least to some extent in Arctic marine 
mammals. In humans, phthalates (diesters) are hydrolysed predomi-
nantly by hepatic esterases to respective monoesters, which may un-
dergo further hydrolysis or oxidation and a subsequent glucuronidation 
catalysed by UDP-glucuronocyltransferases (Benjamin et al., 2017; Silva 
et al., 2003). The low number of genes encoding UDP- 
glucuronocyltransferases in whales in comparison to humans (Kim 
et al., 2016b) may affect the ability of whales to conjugate phthalates 
with glucuronide. 
4. Conclusions 
This study shows that DEHP is present in marine mammals in the 
Norwegian Arctic; in blue whales and fin whales at concentrations 
similar to major legacy POPs. Phthalates are, however, likely to be at 
least partly biotransformed in cetaceans. The low detection rate of 
phthalates and their metabolites in polar bears suggests that phthalates 
are present or accumulate to a lesser extent in the polar bear food web, 
or that polar bears excrete them rapidly. Further analyses on phthalate 
metabolites in whales are warranted to get a more complete picture of 
phthalate exposure in Arctic marine mammals. This study also showed 
potential for DEHP and DiNP to modulate the transcriptional activity of 
wTHRB. Future studies should investigate whether phthalate exposure 
affects cellular processes in marine mammals. 
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Tartu, S., Fisk, A.T., Götsch, A., Kovacs, K.M., Lydersen, C., Routti, H., 2020. First 
assessment of pollutant exposure in two balaenopterid whale populations sampled in 
the Svalbard Archipelago, Norway. Sci. Total. Environ. 718, 137327 https://doi.org/ 
10.1016/j.scitotenv.2020.137327. 
Tsurufuji, S., Sugio, K., Takemasa, F., 1979. The role of glucocorticoid receptor and gene 
expression in the anti-inflammatory action of dexamethasone. Nature 280, 408. 
Vegiopoulos, A., Herzig, S., 2007. Glucocorticoids, metabolism and metabolic diseases. 
Mol. Cell. Endocrinol. 275, 43–61. https://doi.org/10.1016/j.mce.2007.05.015. 
Ventrice, P., Ventrice, D., Russo, E., De Sarroa, G., 2013. Phthalates: European 
regulation, chemistry, pharmacokinetic and related toxicity. Environ. Toxicol. Phar. 
36, 88–96. https://doi.org/10.1016/j.etap.2013.03.014. 
Vorkamp, K., Dam, M., Riget, F., Fauser, P., Bossi, R., Hansen, A.B., 2004. Screening of 
“new” contaminants in the marine environment of Greenland and the Faroe Islands. 
National Environmental Research Institute. NERI Technical Report. Denmark. htt 
p://technical-reports.dmu.dk. 
Watt, J., Webster, T.F., Schlezinger, J.J., 2016. Generalized concentration addition 
modeling predicts mixture effects of environmental PPARγ agonists. Toxicol. Sci. 
153, 18–27. https://doi.org/10.1093/toxsci/kfw100. 
Wilkes, C.E., Summers, J.W., Daniels, C.A., Berard, M.T., 2005. PVC Handbook. Hanser, 
Munich; Cincinnati.  
Xie, Z., Ebinghaus, R., Temme, C., Lohmann, R., Caba, A., Ruck, W., 2007. Occurrence 
and air-sea exchange of phthalates in the Arctic. Environ. Sci. Technol. 41, 
4555–4560. 
Zhang, J., Zhang, J., Liu, R., Gan, J., Liu, J., Liu, W., 2015. Endocrine-disrupting effects 
of pesticides through interference with human glucocorticoid receptor. Environ. Sci. 
Technol. 50, 435–443. 
Zuur, A.F., Ieno, E.N., Elphick, C.S., 2010. A protocol for data exploration to avoid 
common statistical problems. Meth. Ecol. Evolut. 1, 3–14. 
H. Routti et al.                                                                                                                                                                                                                                  
